In Thailand, malaria displays geographical heterogeneity and is exemplified by the so-called border malaria type, with most of the malaria cases concentrated along the borders with Myanmar [1] . Malaria transmission along the Thailand-Myanmar border is high because of extensive population movement across the border, especially mobile and forest workers, who make a substantial contribution to the regional malaria burden [2] . The forest area along the border presents very efficient vectors species, including Anopheles minimus sensu lato, Anopheles maculatus sensu lato, and Anopheles dirus sensu lato [3, 4] . The vectorial capacity and relative importance of these vector species in malaria transmission are, however, poorly understood, hence representing a threat to the success of malaria control and elimination in the region [2] .
The emergence of artemisinin-resistant Plasmodium falciparum is a threat to malaria control. Given the paucity of new antimalarials, the only viable option is elimination of the parasite. Eliminating malaria requires accurate tools for monitoring local malaria transmission intensity [5] . The gold standard for estimating malaria transmission is the entomological inoculation rate (EIR), which is defined by the number of infected bites received per human per unit of time [6] . The EIR is estimated by human-landing collection events that are strongly dependent on the density of human-biting mosquitoes in a given time [5] . However, the density of vectors has been shown to greatly vary according to collection site and season and seems to be insensitive within small geographical areas [7] [8] [9] . Moreover, mosquito collections are time-consuming, costly, difficult to sustain for the long term, and pose ethical challenges in areas of endemicity for vector-borne diseases [10] . In settings of low malaria transmission, where people received generally <1 infected bite per person per year [11] , the EIR may lack sensitivity because the number of Plasmodium-positive samples is inadequate to estimate of the sporozoite index [12] [13] [14] . Effectively using limited resources for malaria elimination and evaluating interventions require new measurements of the risk of being infected with Plasmodium at both population and individual levels [15, 16] .
Recently, alternative serological methods for monitoring human-vector contact by measuring the intensity of antibody response to mosquito bites have been developed [17] . Positive correlation between the human exposure level to Anopheles bites and human anti-mosquito saliva antibody level has been extensively reviewed [18, 19] . The gSG6-P1 peptide, based on the Anopheles gambiae SG6 protein sequence, has been validated as a specific biomarker of Anopheles exposure in various settings, including Africa and the Americas [20] [21] [22] . Several studies in Africa showed that human antibody response to gSG6-P1 salivary peptide is a quantitative and specific biomarker to measure recent exposure of individuals to Anopheles bites [23] [24] [25] [26] , even in a context of a low level of exposure to malaria vector bites [20, 27] , as well as to evaluate the human risk of malaria transmission [28] [29] [30] [31] . The gSG6 protein and especially gSG6-P1 peptide showed to be well conserved among major Anopheles species [32] hence representing a promising tool for estimating the risk of malaria transmission in Southeast Asia.
This study represents the first attempt to validate the gSG6-P1 peptide as an epidemiological tool for evaluating the direct exposure of human populations to Anopheles species in malaria hot spots along the Thailand-Myanmar border. Here we investigated the relationships between the anti-gSG6-P1 antibody response and entomological indicators of transmission-the human biting rate (HBR) and the EIR-through a cohort of approximately 2600 participants followed up every 3 months for 18 months. This study demonstrates that the Anopheles gSG6-P1 salivary biomarker has great potential to quantify human exposure to malaria vectors and to estimate the risk of malaria transmission along the Thailand-Myanmar border.
METHODS

Study Site
The study was conducted in 4 sentinel Myanmar villages located within 10 km of the Thailand border that are considered representative of the area in terms of environment, ecology, population, and behavior. Villages were Htoo Pyin Nyar (TPN; 17°14´N, 98°29´E), Tar Au Ta (TOT; 16°36´N, 98°57´E), Ka Nu Hta (KNH; 17°18´N, 98°24´E), and Htee Kaw Taw (HKT; 16°85´N, 98°47´E). These villages were selected because they showed the highest prevalence of P. falciparum (2%-12%) and Plasmodium vivax (7%-24%) submicroscopic infections in the area [33] .
Study Design, Populations, and Sampling Methods
Seven serologic surveys were performed every 3 months from May 2013 to December 2014. In each village, a committee composed of village leaders, village malaria workers, and volunteers was formed to assist the Shoklo Malaria Research Unit (SMRU) staff in organizing the surveys and in engaging and mobilizing the community [33] . Informed consent was obtained directly from participating adults, and parental consent was obtained on behalf of participating children aged <16 years. Brief history of travels, professional activity, and insecticide-impregnated bed net use was also obtained. At each survey, blood specimens from inhabitants were collected on Whatman filter papers, using the dried blood spot technique, and properly labeled for analysis by enzyme-linked immunosorbent assay (ELISA).
In each village, mosquitoes were collected monthly, using the human-landing collection technique, to determine the vector abundance and composition [14] . Briefly, mosquitoes were collected in the same 5 catching sites (indoor and outdoor) from 6:00 pm to 6:00 am for 5 consecutive nights per month. Mosquitoes landing on humans, at the time of collection, were caught individually by glass tubes and brought back to the laboratory for morphological identification [34] and assessment of sporozoite rates, using a real-time polymerase chain reaction assay [35] . Anopheles minimus s.l., An. maculatus s.l., and An. dirus s.l. were considered primary vectors [4] , whereas secondary vectors were Anopheles aconitus sensu lato, Anopheles barbirostris sensu lato, and Anopheles annularis sensu lato [36] . All houses and mosquito collection sites were georeferenced using Garmin etrex 20 global positioning system units. Temperature and relative hygrometry were recorded daily, using captors located in a central house of the village.
Sequence Alignment of gSG6-P1 for Southeast Asian Anopheles Species
Ten samples of each Anopheles species collected were sequenced for clustal alignment of SG6-P1 salivary peptides. Alignments were done with ClustalW, which enabled comparison of the sequence of gSG6 peptide from local Anopheles species to that of the reference African (An. gambiae) vector [23] . The gSG6-P1-specific Anopheles peptide was synthesized and purified (95%) by Genepep (St-Clément de Riviere, France).
Measurement of Human Antibody Levels to Anopheles Saliva Antigens
Serologic testing of human exposure to gSG6-P1 saliva peptide was carried out by ELISA as described in [25] but with some modifications (Supplementary Materials). The intensity of the immunoglobulin G (IgG) response was measured at the individual level and was expressed as the ∆OD, calculated as ODx − ODn, where ODx and ODn represent the mean of the individual ODs in 2 antigen wells and the OD in 1 blank well containing no gSG6-P1 antigen, respectively. As a negative control, the specific anti-gSG6-P1 IgG response was also assayed in 16 non-Anopheles-exposed individuals from France and a Thai citizen who were living in Bangkok for >2 months, to quantify the nonspecific background antibody level and to calculate the cutoff (calculated as the mean ∆OD + 3 SDs). Based on our findings, a participant was classified as an immune responder if their ∆OD was >0.450.
Statistical Analysis
Covariates
Individual-level covariates included age group (sorted in 4 classes: <5 years, 5-15 years, 16-59 years, and ≥60 years) and sex. Household-level covariates included long-lasting insecticide-treated bed net (LLIN) use, based on a questionnaire conducted at the baseline visit (whether the participants had and used a LLIN "every night, " "some nights, " or "never"). At the village level, the population size at each survey, temperature, and relative humidity (2 time-dependent variables defined as the estimated mean and maximum humidity during the 2 weeks preceding mosquito collection events) were recorded. The mean HBR and EIR were estimated at each catching site 1 month before blood sample collection. Seasons were grouped as the hot season (mid February-mid May), the rainy season (mid Maymid October), and the cool season (mid October-mid February) according to the Thai Meteorological Department [37] .
Statistical Approach
The relationship between the intensity of the human antibody response (∆OD) and entomological indicators of transmission (HBR and EIR) was studied using a multivariate 3-level (house, individual, and measurement) mixed model analysis. We considered (1) the HBR (or EIR) of total Anopheles mosquitoes, (2) the HBR (or EIR) of the primary vectors, and (3) the HBR (or EIR) of the secondary vectors, in 6 separated analyses. The potential adjustment factors were all of the covariates described above. In each analysis, the HBR variable was categorized in 4 classes (according to the quartiles) to avoid the assumption of a linear relationship between the HBR and the human antibody response. For the EIR model, data were categorized as a binary variable (0 and >0) because of the high number of data collected from uninfected mosquitoes. In all models, a univariate analysis was first performed, where we estimated the relationship between each adjustment factor and the antibody response through a univariate mixed model. In a second step, we entered in a multivariate mixed model all of the adjustment factors with a P value of <.2 from the univariate analysis and then removed sequentially all the adjustment factors with a P value of >.05 (backward selection). Statistical analyses were done with Stata, version 13.0 (StataCorp, College Station, TX). Graphs were constructed using GraphPad Prism 5 software (San Diego, CA).
Spatial Analysis
Heat map raster layers were created for IgG responses among individuals within each village and survey time point, using QGIS 2.4 (available at: http://www.qgis.org/). The raster layers give a smoothed representation of IgG intensity within study villages (Supplementary Materials). Mean HBRs for malaria vectors and EIR positives (meaning >0) were also plotted in the maps to indicate catch site location, vector abundance, and malaria transmission foci.
Spatial autocorrelation (clustering) of IgG values was calculated for each village and time point, using 2 approaches: the Moran I statistic (a global clustering method) and local indicators of spatial autocorrelation (LISAs) [38] . The Moran I tests give a single test statistic and associated P value for each village/month combination, while the LISAs give a test statistic and P value for each individual/month combination. We used a Benjamini-Hochberg correction to account for multiple testing. All results were mapped using ArcMap 10.2 (available at: http:// www.esri.com/).
Ethical Statement
The Table 1 describes the population characteristics during the period of the study. Participants consisted in 2602 people followed up every 3 months over 18 months. Participants from the 4 study villages were comparable in age, and the sex ratio varied from 0.46 (in KNH) to 0.52 (in TOT). A total of 1906, 1970, 2046, and 3503 blood specimens were collected using the dried spot technique and analyzed at TPN, TOT, KNH, and HKT, respectively. The proportion of participants with an immune response to Anopheles salivary antigen ranged from 59% at TPN to 86% at HKT (Supplementary Materials).
RESULTS
Characteristic of the Study Populations and Immunological Outcomes
Entomology Outcomes
A total of 58 833 Anopheles mosquitoes were collected on human volunteers over 18 months. The overall abundance of Anopheles Anopheles dirus sensu lato were considered as primary vectors [4] , whereas secondary vectors were Anopheles aconitus sensu lato, Anopheles barbirostris sensu lato, and Anopheles annularis sensu lato [36] . Five sites were used for human landing collections (HLCs) to cover all subareas of the village. Human catch sites were separated by a minimum 50 m from each other to avoid potential bias in attracting mosquitoes. Five teams of 2 volunteers were rotated between catching sites for 5 successive nights (equivalent to 50 human-nights of collection) to mitigate potential collector bias. HLCs lasted for 45 minutes per hour, followed by a 15-minute break for collectors.
Sequence Alignment of gSG6-P1 for Local Anopheles Species
The homology of gSG6-P1 peptide sequence with that of An. gambiae was high for An. minimus, An. aconitus, and An. maculatus ( Figure 2) . A lower score was found for An. dirus. The peptide sequence for these malaria vector species were antigenic as determined by computerized predictions of antigenicity based on physicochemical properties of the amino acid sequences by different programs (BCEPred, ABCPred, and BepiPred). Sequencing of gSG6-P1 peptide for all other Anopheles species was unsuccessful.
Human Antibody Response to the gSG6-P1 to Quantify Anopheles
Exposure and Estimate Malaria Transmission Risk
Multivariate analyses were performed on 2602 participants and the mean number of visits per individual was 3.8 (range, 1-7 visits). Multivariate analyses showed a highly significant and positive dose-response relationship between the intensity of antibody responses to gSG6-P1 and the HBR of both the total Anopheles population recovered (P <.001) and the primary malaria vectors (P<.001; Table 2 ). Post hoc analyses showed that adjusted mean IgG response intensities were significantly different between all HBR classes (Supplementary Materials). Interestingly, we also found a significant and positive relationship between the intensity of antibody responses and the EIR for total Anopheles (P <.001) and primary vectors (P <.001; Table 3 ). The HBR and EIR models were, however, not significant for secondary vectors, probably because of the limited sample size (P >.05; data not shown).
Demographic, Social, and Environmental Factors Associated with Human Vector Contact
For all models, after the univariate analysis, all covariates (except the sex) were selected for the multivariate analyses. Spatial (villages) and temporal (surveys) heterogeneity in IgG intensity was apparent across and within the study villages ( Figure 3) . The multivariate analysis showed that the IgG response to malaria vector bites differed according to village (P<.001); the mean antibody response was higher at KNH than at other villages when adjusted for HBR (both for malaria vectors and total Anopheles) and other covariates (Table 2) . A higher intensity of the antibody response was recorded during the rainy season, compared with the cool season (P <.001) and the hot season (P<.001). A positive monotonic relationship between the age and the intensity of antibody response was noted (P < .001). A positive relationship was found between the population size and the intensity of the antibody response (P < .001). Conversely, bed net use was not significant in any multivariate models.
Spatial Clustering of Human Antibody Response To Malaria Vector Bites Within Villages
Heat maps of the IgG antibody response to gSG6-P1 indicated variation in the spatial distribution of the IgG antibody across space and time within villages and surveys. In all villages, areas of mid-to-high IgG intensity were detected in almost every survey in the same place. For example, in TPN the highest IgG intensity during each month occurred in a patch in the northern part of the village and was evident in both rainy and dry season ( Figure 4A Figure 4B ) and patchier during the dry season ( Figure 4A ). This was well illustrated in TOT, where houses with residents in whom a high IgG intensity was detected occurred in a single location in the eastern portion of the village during the dry and hot seasons but were dispersed throughout much of the village during the rainy season. In this study, we demonstrated the usefulness of an innovative serological marker for quantifying human-vector contact and estimating malaria transmission risk in areas exhibiting a high prevalence of subclinical malaria infections [33] . The serological evaluation of the antibody response to mosquito saliva and its association with the exposure to malaria vectors has received increasing attention because of the limitations of current techniques in estimating malaria transmission [39] . The relevance of the gSG6-P1 biomarker for malaria epidemiologic studies has been validated in various settings worldwide [19, 40] , with the exception of Southeast Asia. Here, we first demonstrated high identities of An. gambiae gSG6-P1 sequences with the dominant malaria vector species An. minimus s.l., An. aconitus (87%), and An. maculatus s.l. (83%), hence confirming that the gSG6-P1 antigen is highly conserved among malaria vectors worldwide [32] . The lower match observed with An. dirus (48%) does not indicates an absence of antibody response to this species, because An. dirus salivary proteins were detected in patient with malaria in Thailand, where An. dirus s.l. was the main vector [41] . We were unable, however, to demonstrate whether secondary vectors and nonvectors can efficiently induce an antibody response, considering the unsuccessful alignment of SG6-P1 peptide sequences for those Anopheles species.
Our study also revealed a high gSG6-P1 seroprevalence (approximately 70%) among the populations, which is consistent with previous findings in West Africa [17] and the Americas [21] . Our study first demonstrated a dose-response relationship between the intensity of antibody responses to gSG6-P1 and the degree of exposure to Anopheles bites. The fact that the 2 HBR models (ie, primary vector versus total Anopheles) showed a similar trend is consistent with the fact that An. minimus and An. maculatus are the 2 dominant species in the study villages. Strikingly, our findings highlighted a strong association between the gSG6-P1 antibody response and the EIR, indicating that heterogeneity in malaria transmission is associated with heterogeneous biting behavior. The salivary biomarker looks promising for identifying malaria hot spots and measuring small-scale variation in malaria exposure rates in an area of low transmission intensity.
Our findings showed that the antibody response to Anopheles salivary peptide varies according to age, season, and village. The intensity of the response was higher during the rainy season than during the cool and hot seasons, when adjusted for other covariates. This indicates that seasonal changes in biting patterns can reflect similar changes in antibody responses. Similarly, age was positively correlated with the intensity of antibody responses in all villages. The increase in the IgG response with age is generally consistent with the gradual acquisition of immunity against Anopheles mosquito saliva [30] following the development of individual factors and behaviors that increase the probability of human-vector contact. Human behaviors and agricultural practices are expected to modulate the human-vector contact in the study area. The population is essentially made up of local and temporary farmers working in rice paddies and cornfields around the villages during the rainy season, when vector density is the highest. During harvest time, men and women will, quite frequently, spend nights in the farms and may be particularly exposed to malaria vector bites. This behavior probably explains the absence of a sex effect on the intensity of human antibody responses to Anopheles bites. Regarding village, participants from KNH exhibited a higher specific IgG response than those from other sites, when analysis adjusted for HBR and other covariates. The reason for a higher vector exposure in this population is unknown, but we assume that this may reflect different human behavior, agricultural and vector control practices, population movement, and/or immunogenicity characteristics. More information on vector ecology, demographic characteristics, and socioeconomic structure in the study villages are needed to better understand the factors associated with human-vector contact and malaria transmission [42] . Interestingly, bed net use was not significant in univariate analysis, despite the fact that 79% of people declared sleeping under bed nets every night. Although this result has to be taken with caution, considering potential biases in measuring LLIN use, we suspect that insecticide-treated bed nets might offer limited personal protection against mosquito bites. In the study area, malaria vectors exhibit strong behavioral plasticity [43] and are known to feed preferentially outdoors and in the early evening, when people are not protected by bed nets [44] . The salivary biomarker may then be particularly relevant for national malaria control programs willing to evaluate the efficacy of new malaria vector control tools, such as insecticide-treated materials and repellents Finally, we identified spatial clusters of individuals with high immune responses to vector bites in all villages that correlated well with vector abundance and transmission risk. Our results showed that locations of hot spots varied according to season and tended to be more dispersed during the rainy season and tightly clustered in small pockets during the dry season. This is consistent with malaria epidemiology along the Thailand-Myanmar border, where spatial clustering of P. vivax infections was also observed during the dry season [45] . Clustering of anti-gSG6 IgG responders is less obvious in the rainy season, most probably because vectors tend to be dispersed throughout the village, owing to multiplication of larval breeding habitats. Interestingly, TOT seems to differ from other villages (especially in the dry season), because several hot spots of immune responders occurred without clear indication of high IgG responders and vector abundance. In this case, we suspect that those people may have been extensively exposed to Anopheles bites outside the village.
In conclusion, our results showed that the gSG6-P1 serologic biomarker is capable of providing accurate estimates of the malaria transmission risk along the Thailand-Myanmar border and has great potential for malaria epidemiologic studies. Timely identification of population subsets at high risk of exposure to malaria vectors could help national malaria control programs implement hot spot-targeted interventions with the aim to eliminate potential transmission sources and achieve malaria elimination.
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